Introduction
============

*Ehrlichia (E.) canis* is the primary etiologic agent of canine monocytic ehrlichiosis (CME) in domestic dogs worldwide wherever the main vector, the brown dog tick *Rhipicephalus sanguineus*, is prevalent. In Brazil, ehrlichiosis was first reported in the southeast part of the area \[[@B10]\]. Currently, the disease is found throughout the country and considered endemic in many regions \[[@B29],[@B34]\].

Cell culture isolation (CCI) allows for further characterization of cytotoxic agents for a sensitive serologic test and can help identify geographic-specific antigens \[[@B33]\]. Until now, only three isolates of *E. canis* from different parts of Brazil, Rio de Janeiro city \[[@B32]\], Jaboticabal \[[@B2]\], and São Paulo city \[[@B1]\], have been propagated *in vitro*. Most molecular epidemiology studies of *E. canis* have focused on the 16S ribosomal RNA gene (16S rRNA). Consequently, much less is known about the other genes of this microorganism. Molecular characterization of 16S rRNA has provided information about strain diversity and suggests a high level of conservation \[[@B16],[@B24]\]. Little is known about the disulfide bond formation protein gene (*dsb*) or the role of the inter- and intramolecular disulfide bonds in the overall *Ehrlichia* cell envelope structure. However, these genes are functionally conserved among bacteria, and recombinant *Ehrlichia* dsb proteins are found in the periplasm of *E. chaffeensis* and *E. canis* \[[@B20]\]. Thus, the *dsb* gene is a useful target for diagnosing infection by medically important ehrlichial species \[[@B12]\].

The *p28* protein acts as an adhesin in the outer *Ehrlichia* membrane \[[@B25]\]. It has been detected *in vitro* \[[@B21]\] and in the vertebrate host \[[@B27]\]. The gene encoding this protein may be useful as a diagnostic antigen and the eventual creation of a vaccine against ehrlichioses \[[@B11],[@B30]\].

Although many studies have been conducted, little is known about the genetic diversity of *E. canis* strains worldwide. The present study was therefore performed to isolate and partially characterize the genetic features of a novel *E. canis* Brazilian strain. Additionally, the efficacy of different antigens from Brazil for diagnosing CME was evaluated.

Materials and Methods
=====================

Ethical considerations
----------------------

The experimental protocol (n°. 017/09) was approved by the Experimental Animal Ethics Committee of the Federal University of Uberlândia (Brazil).

Case report
-----------

A 5-year-old male poodle was admitted to the Veterinary Hospital of the Federal University of Uberlândia in June 2009. The animal had a history of tick exposure, and presented apathy, fever (39℃), and pale mucous membranes during physical examination. Complete blood cell counts revealed that the dog suffered from thrombocytopenia \[platelet count: 33 × 10^3^/µL (reference values: 200\~500 × 10^3^/µL)\], anemia \[hematocrit: 11.8% (reference values: 37\~55%); hemoglobin: 3.7 g/dL (reference values: 12\~18 g/dL); erythrocytes count: 1.8 × 10^6^/µL (reference values: 5.5\~8.5 × 10^6^/µL)\], and leukocytosis with a left shift \[leucocytes count: 20.6 × 10^3^/µL (reference values: 5\~10 × 10^3^/µL)\]. Blood sample (3 mL) was collected aseptically into vacutainer tubes containing EDTA and heparin for PCR and CCI, respectively.

CCI of *E. canis*
-----------------

The mononuclear cell fraction was isolated from heparinized blood with Histopaque 1083 (Sigma-Aldrich, USA) and used to inoculate a monolayer of DH82 cells (ATCC no. CRL-10389) according to Aguiar et al. (2008). Briefly, leukocytes were isolated by overlaying the buffy coat on Histopaque 1083 (Sigma-Aldrich, USA), and the interface containing the leukocyte fraction was collected and resuspended in 5 ml of Dulbecco\'s Modified Eagle\'s medium (Sigma-Aldrich, USA) supplemented with 10% heat-inactivated bovine calf serum (Hyclone Laboratories, USA). The leukocyte suspension was transferred to a 25 cm^2^ flask culture and incubated at 37℃ in a 5% CO~2~ atmosphere. After 24 hrs, 2 ml of fresh culture medium was added and the cells harvested 24 hrs later and added to a monolayer of uninfected DH82 cells (provided by Marcelo B. Labruna, University of São Paulo) in a 25 cm^2^ flask. The culture was maintained under the same conditions as above, except that the bovine calf serum was reduced to 2.5%, and the culture medium was partially (20%) replaced every 2\~3 days. Cell cultures were monitored once a week for the presence of ehrlichial morulae by Diff-Quik staining according to the manufacturer\'s instructions (Laborclin Produtos para Laboratórios, Brazil) and ehrlichial DNA by nested PCR.

DNA extraction
--------------

DNA was extracted from either 200 µl of canine peripheral blood or from pelleted DH82 cell cultures infected and non-infected using a DNAeasy Tissue Kit (Qiagen, Germany). DNA was eluted with ultrapure water from Milli-Q Integral System (Merck Millipore, USA), quantified with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA), and stored at -20℃.

PCR amplification
-----------------

The 16S rRNA gene was amplified from peripheral dog blood and DH82 cells. Two pairs of primers were used for the nested PCR, ECC (5\'-AGAACGAACGCTGGCGGCAAGC-3\') combined with ECB (5\'-CGTATTACCGCGGCTGCTGGCA-3\'), to amplify a product approximately 478 bp in size. The product was tested with inners primers, ECAN5 (5\'-CAATTATTTATAGCCTCTGGCTATAGGA-3\') and HE3 (5\'-TATAGGTACCGTCATTATCTTCCCTAT-3\'), which amplify a 365-bp fragment \[[@B23]\]. To analyze the *dsb* gene, a 409-bp fragment was amplified with the *dsb*-330 forward (5\'-GATGATGTCTGAAGATATGAAACAAAT-3\') and *dsb*-728 reverse (5\'-CTGCTCGTCTATTTTACTTCTTAAAGT-3\') primers \[[@B12]\]. To examine the *p28* gene, the forward 793 (5\'-GCAGGAGCTGTTGGTTACTC-3\') and reverse 1,330 (5\'-CCTTCCTCCAAGTTCTATGCC-3\') primers were used to amplify a 518-bp fragment \[[@B21]\]. Each reaction contained 25 pmol of each primer, 1.25 U of Platinum Taq DNA Polymerase (Invitrogen, USA), PCR buffer (50 mM KCl and 20 mM Tris-HCl) (Invitrogen, USA), 2 mM MgCl~2~ (Invitrogen, USA), dNTP mixture (0.25 mM each) (Invitrogen, USA), 100\~200 ng of DNA template, and ultrapure water from Milli-Q Integral System (Merck Millipore, USA) in a final volume of 50 µL. PCR was performed in an automatic DNA thermal cycler called Mastercycler Personal (Eppendorf, Germany) with the following program: 95℃ for 2 min and 30 cycles of 95℃ for 30 seconds, annealing at 55℃ or 60℃ for 1 min for *p28* and *dsb*, respectively; and 72℃ for 2 min, followed by a final extension at 72℃ for 5 min. The amplified products were separated on a 1.5% agarose gel and visualized by ethidium bromide (Sigma-Aldrich, USA) staining under UV illumination. The amplified *dsb* and *p28* gene products were purified with a QIAquick Gel Extraction Kit (Qiagen, Germany). The DNA was eluted with 10 µL of ultrapure water, quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA), and stored at -20℃.

Cloning and sequencing partial sequences of *dsb* and *p28* genes from *E. canis* Uberlândia
--------------------------------------------------------------------------------------------

The purified partial sequences of *dsb* and *p28* genes from *E. canis* Uberlândia were cloned with the pGEM-T Easy Vector System (Promega, USA) following the manufacturer\'s instructions. Plasmids were isolated from the clones as previously described \[[@B9]\] and sequenced using the DYEnamic ET Dye Terminator Kit (Amersham Pharmacia Biotech, UK) with a MegaBACE 1000 automated sequencer (Amersham Pharmacia Biotech, UK).

*In silico* analysis
--------------------

All DNA sequences were assembled using the CAP3 Contig Assembly Program \[[@B14]\] with BioEdit Software and then analyzed using BLAST N algorithms \[[@B6]\]. Amino acid sequence prediction was performed using the ExPASy Proteomics Server program \[[@B8]\]. The nucleotide and protein sequence alignments were carried out using ClustalW \[[@B31]\]. Deduction of the antigenicity indices for the protein sequences was performed with LASERGENE Software (DNASTAR, USA) using the Jameson-Wolf antigenicity algorithm \[[@B15]\].

Nucleotide sequence accession numbers
-------------------------------------

The origins and GenBank (National Center for Biotechnology Information, USA) database accession numbers for the *dsb* and *p28* nucleotide sequences of *E. canis* strains used for comparison in this study are as follows: two Brazilian strains (Jaboticabal, DQ460716, EF014897 and São Paulo, DQ460715, DQ460713), two North American strains (Oklahoma, AF403710, AF078553 and Jake, CP000107), an African strain (Cameroon, DQ124260), and a Venezuelan strain (VHE, AF165815). The nucleotide sequences we obtained were submitted to GenBank under the accession numbers GU586135 and GU951532 for *dsb* and *p28*, respectively.

Sample population
-----------------

Forty-eight random serum samples from dogs seen at the Veterinary Hospital of the Federal University of Uberlândia along with random serum samples from 60 dogs from the São Paulo metropolitan area were used to assess antigenicity between *E. canis* Uberlândia and São Paulo.

Indirect immunofluorescence assay (IFA)
---------------------------------------

The antigens for the IFA were produced by separately culturing the *E. canis* São Paulo and Uberlândia strains in DH82 cells. In summary, these two strains were propagated in uninfected DH82 cells (provided by Marcelo B. Labruna, University of São Paulo) in Dulbecco\'s Modified Eagle\'s medium (Sigma-Aldrich, USA) supplemented with 2.5% heat-inactivated bovine calf serum (Hyclone Laboratories, USA). The culture was incubated at 37℃ in a 5% CO~2~ and the culture medium was partially (20%) replaced every 2\~3 days. Cell cultures were monitored once a week for the presence of ehrlichial morulae by Diff-Quik staining according to the manufacturer\'s instructions (Laborclin Produtos para Laboratórios, Brazil). The cells were harvested using a cell scraper when the percentage of infected cells in the supernatant was 80\~90%. The cells were collected by centrifugation at 4,000 g for 5 min at 4℃, and washed three times in PBS (0.0084 M Na~2~HPO~4~, 0.0018 M NaH2PO~4~, and 0.147 M NaCl; pH 7.2). Next, the cells were diluted in PBS to a concentration of 10^6^ cells/mL.

Ten µL of the suspensions were placed into each well of 12-well Teflon (E.I. DuPont de Nemours & Co., USA)-coated multiwell slides (Cell-Line Associates, USA). The slides were dried overnight at room temperature, stored at -20℃, and used within 1 month of preparation. Serial dilutions of each serum sample from an initial dilution of 1 : 40 (two-fold) to 1 : 81,920 were tested. For the negative control, serum from a healthy dog with no history of ticks that was negative for 16S rRNA was used. For the positive control, serum from a dog with CME confirmed by the presence of morulae in blood smears and PCR analysis of 16S rRNA was used. The slides were incubated at 37℃ and 20 µL of the diluted sera were placed in each well. After an incubation period of 30 min at 37℃, the slides were washed three times in PBS (5 min per wash). Five µL of fluorescein isothiocyanate-conjugated anti-dog IgG (Sigma-Aldrich, USA) was added at a dilution of 1 : 100 in PBS, and the slides were incubated for 30 min at 37℃. After washing with PBS as described above, the slides were air-dried and mounted with Prolong Gold anti-fade solution (Invitrogen, USA) and blindly observed by the same person (Rieck, SE) with a fluorescence Axiovert 200 M microscope (Zeiss, Germany).

Data analysis
-------------

Data were analyzed using the GraphPad Prism 4 software package (GraphPad Software, USA). Unweighted kappa-coefficients were calculated to evaluate the agreement among the IFA results and serum samples of dogs from Uberlândia and São Paulo. By convention, *K* values used were: \>0 = no agreement, 0\~0.19 = poor agreement, 0.20\~0.39 = fair agreement, 0.40\~0.59 = moderate agreement, 0.60\~0.79 = substantial agreement, and 0.80\~1.00 = almost perfect agreement \[[@B19]\]. Endpoint titers of the samples positive according to IFA using antigens from two Brazilian *E. canis* strains (Uberlândia and São Paulo) were compared by Student\'s *t*-test. Differences were considered statistically significant when *p* \< 0.05.

Results
=======

Isolation and *in vitro* culturing of Uberlândia *E. canis* from the canine blood sample
----------------------------------------------------------------------------------------

No morulae were observed in the peripheral blood smear from the dog with CME symptoms. However, nested PCR specific for the 16S rRNA gene produced a 365-bp product from the blood sample and from the cell culture of DH82 after 13 days of inoculation with leukocytes isolated from infected dog, which were indicative of *E. canis* infection. One month later, cytoplasmic inclusions associated with *E. canis* were detected in infected DH82 cells ([Fig. 1](#F1){ref-type="fig"}). The isolate replicated slowly and achieved a 90\~100% infection rate after only 3 months. Infected cells were subsequently cultured several times, and 90\~100% infection rates were obtained in 15 days.

Molecular characterization of the Uberlândia *E. canis* strain
--------------------------------------------------------------

The partial *dsb* and *p28* gene sequences from the Uberlândia *E. canis* strain were aligned with the sequences of other *Ehrlichia* strains accessible in GenBank. [Table 1](#T1){ref-type="table"} shows the identity among these sequences. No polymorphism was observed in the *dsb* gene sequence (data not shown).

The partial *p28* gene sequence of *E. canis* Uberlândia contained nine polymorphisms compared to *E. canis* São Paulo, *E. canis* Jaboticabal, *E. canis* Jake, *E. canis* Oklahoma and *E. canis* VHE (Venezuelan human ehrlichia). Additionally, only three differences relative to *E. canis* Jaboticabal ([Fig. 2](#F2){ref-type="fig"}) were observed. Overall, specific differences among the Uberlândia strain and almost all *E. canis* strains evaluated in this study were found at eight amino acid positions ([Table 2](#T2){ref-type="table"}). Antigenic determinants were predicted based on the linear surface contour profile of the deduced *p28* amino acid sequences of the *E. canis* strains. Polymorphisms between these amino acid sequences resulted in few differences in antigenicity ([Fig. 3](#F3){ref-type="fig"}).

Serological analysis
--------------------

Out of the 48 Uberlândia serum samples, 24 were positive (50%) and 24 were negative (50%). Among the samples from 60 dogs from São Paulo, nine (15%) were positive and 51 (85%) were negative. Only seven (21.2%) of the 33 positive sera showed endpoint titers that were different at more than two sera dilution factors between the two antigens (data not shown). For the samples from Uberlândia, a significant difference between the mean and standard deviation of the first and final antigen titer of the positive samples, using both antigen from Uberlândia as São Paulo, was observed ([Table 3](#T3){ref-type="table"}).

If the reaction was only classified positive or negative, there was no difference between the antigens regardless of the antigen and origin of the serum (kappa = 1.0), indicating that the IFA is able to identify positive animals regardless of the origin of the antigen applied. However, when the results were evaluated based on the maximum positive dilution (using only positive animals), the kappa index was 0.1291, which was considered a poor agreement between the IFA results with heterologous sera. Using only positive sera of dogs from Uberlândia, the index value fell to 0.0247 (very poor agreement) when applied to sera from dogs of São Paulo, whereas the index value was 0.3750 (fair agreement).

Discussion
==========

*In vitro* cultivation of *E. canis* has been widely performed using canine DH82 cells \[[@B1],[@B2],[@B5],[@B17],[@B32],[@B33]\]. In the present study, a new Uberlândia *E. canis* strain was observed in infected DH82 cells after the same period of time (30 days after inoculation) as previously reported for *E. canis* from Spain \[[@B5]\] and São Paulo \[[@B1]\]. Partial sequence of the *p28* gene from the Uberlândia *E. canis* strain differed at some nucleotides compared to published sequences. These findings are in agreement with data from a previous study in which a small number of substitutions in the *p28* gene from the São Paulo strain was observed when compared with isolates from Jake, Oklahoma, and Venezuela \[[@B1]\]. These results are expected because while the *dsb* gene is highly conserved among *E. canis* strains from different countries and continents \[[@B1],[@B2],[@B18],[@B28]\], the *p28* gene that encodes an immunodominant protein may be under immune pressure from different hosts and thus exhibit some variation between strains \[[@B12],[@B35]\]. Furthermore, previous analyses of the *TRP36* gene, which encodes immunoreactive proteins associated with functional host-pathogen interactions, have shown that this gene is useful for genotyping *E. canis* strains based on differences in tandem repeat numbers or sequences, indicating some degree of *E. canis* genetic diversity in nature \[[@B3],[@B13],[@B16],[@B26]\].

When designating the IFA reactions as only positive or negative, the kappa coefficients were in complete agreement independent of the antigen used or origin of the serum evaluated. This finding demonstrated that the antigenic difference observed for the *in silico* study was not sufficient to generate false negatives or positives. Complete conservation of the *p28* gene among seven *E. canis* isolates from North America suggests that the *E. canis* gene may be conserved in this geographic area and could be used for diagnostic purposes \[[@B21]\]. Additionally, the *Ehrlichia* sp. DNA from Brazilian felids was found to be closely related to other strains isolated in Brazil based on the outer membrane protein 1 (*omp-1*) multigene family \[[@B7]\]. Similar results were produced in our study. The few genetic alterations in the *p28* gene of the Uberlândia *E. canis* strain did not alter the CME diagnostic findings. The lack of genetic diversity among *E. canis* isolates may be explained by the fact that this microorganism may face little selective pressure because it is predominantly maintained in a single tick species and canine host \[[@B22],[@B35]\].

In contrast, comparison of the final IFA concentration resulted in the identification of weak or poor agreements according to the kappa coefficient, showing that the two antigens produce different responses. Animals from São Paulo, who probably acquired antibodies against the strain from that region, produced a slightly more robust response to the antigen from the São Paulo strain. Similar results were observed with samples from Uberlândia as shown by the fact that only six animals had an endpoint titer for the Uberlândia strain at least 4-fold higher (≥2 serum dilution factors) than the endpoint titers for the São Paulo strain. In contrast, none of the positive sera from São Paulo differed by at least 4-fold (≥2 serum dilution factors) when comparing the two antigens. Similar results were produced by a study in Israel in which titers of sera from 46% of the dogs examined were higher on the locally prepared slides measured by a commercial IFA kit compared to a Florida strain \[[@B17]\]. The use of an autochthonous antigen versus two different antigens increases the sensitivity of the IFA \[[@B4]\]. Furthermore, similarities were observed in lysates from Brazil, the USA, and Israel, which reacted with homologous and heterologous sera, and produced a homogeneous Western immunoblot pattern \[[@B36]\].

In conclusion, findings from the present study suggest that the *E. canis* genotypes circulating in dogs from southeastern Brazil appear to be highly conserved. The IFA results indicated that both antigens from Uberlândia and São Paulo could be used to identify antibodies against Brazilian *E. canis* strains. This is because both antigens are able to diagnose positive and negative animals.
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![Photomicrograph of an *Ehrlichia (E.) canis* strain isolated from the leukocytes of a dog in Uberlândia, Brazil. Note the multiple round, large morulae in the DH82 cell cytoplasm (arrows). Diff-Quik staining was performed. Scale bar = 10 µm.](jvs-15-241-g001){#F1}

![Clustal alignment of *p28* gene sequences from *E. canis* VHE (Venezuelan human ehrlichia), São Paulo, Jake, Oklahoma, Jaboticabal, and Uberlândia strains. Boxed nucleotides are bases that differ from the Uberlândia strain sequence, and a dash represents a gap or nucleotide that was unidentified.](jvs-15-241-g002){#F2}

![Comparison of the antigenic indices for the predicted partial proteins translated from the *p28* gene of the following strains: *E. canis* Uberlândia, São Paulo, Jaboticabal, Jake, Oklahoma, and VHE. Regions with values above zero are possible antigenic determinants. Boxed sequences are potential epitopes that differ from the Uberlândia strain sequence. The scale indicates amino acid positions.](jvs-15-241-g003){#F3}

###### 

Nucleotide sequence identities of *dsb* and *p28* partial gene sequences for the *E. canis* Uberlândia strain and available *E. canis* sequences

![](jvs-15-241-i001)

^\*^GenBank accession numbers are shown in the Materials and Methods section. Na: not available.

###### 

Comparison of different amino acids translated from the *p28* gene of various *E. canis* strains

![](jvs-15-241-i002)

^\*^GenBank accession numbers are shown in the \"Materials and Methods\" section. ^†^ullets represent positions conserved relative to the sequence based on the *E. canis* Uberlândia strain. S: serine, P: proline, G: glycine, N: asparagine, K: lysine, V: valine, E: glutamic acid, and D: aspartic acid.

###### 

Mean and standard deviation of the endpoint titers of the samples found positive by an IFA using two antigens from *E. canis* Uberlândia and São Paulo
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^\*^Statistically significant difference (*p* \< 0.05).
